Electron transport in bilayer graphene placed under a perpendicular electric field is revealed experimentally. Steep increase of the resistance is observed under high electric field; however, the resistance does not diverge even at low temperatures. The observed temperature dependence of the conductance consists of two contributions: the thermally activated (TA) conduction and the variable range hopping (VRH) conduction. We find that for the measured electric field range (0 -1.3 V/nm) the mobility gap extracted from the TA behavior agrees well with the theoretical prediction for the band gap opening in bilayer graphene, although the VRH conduction deteriorates the insulating state more seriously in bilayer graphene with smaller mobility. These results show that the improvement of the mobility is crucial for the successful operation of the bilayer graphene field effect transistor.
In the modern electronics, band gap is a key concept for switching current, and thus processing electric signals.
1 For graphene, an atomic layer of graphite, although it has great advantages for nanoelectronics applications, including atomically thin self-organized channel, high mobility, 2-4 good electrical 1 contact with metals, feasibility of nanoscale fabrication, 5 and resource abundance, its semimetallic electronic band structure makes it quite challenging for realization of the graphene transistor.
In principle, band gap can be introduced to graphene by two methods: in the first, a graphene nanoribbon has a band gap due to the quantum confinement. 6 Theoretically, the magnitude of the band gap depends on the channel width W approximately as ∼ 1 eVnm/W in armchair nanoribbons, while the band gap due to the confinement effect is absent in zigzag nanoribbons. In experiments, conduction suppression has been observed both in lithographically defined 5 and chemically derived 7 nanoribbons within an energy interval (transport gap) in agreement with the theoretical band gap, however, the dependence on the orientation (armchair or zigzag) was not observed. Consequently, the origin of the observed transport gap is controversial in association with quantum dot formation due to the surface disorder, [8] [9] [10] which is inevitably produced in the present nanofabrication processes.
In the second, a band gap is predicted to generate in bilayer graphene under a perpendicular electric field without any structural confinement. [11] [12] [13] [14] This is due to the breaking of the sublattice symmetry for the carbon atoms sitting at the A-and B-sites in the atomic structure. Such electric field is practically produced by chemical doping on graphene 15, 16 and/or by a gate electric field.
17-20
So far, the band gap formation has been confirmed in optical spectroscopic measurements such as angle-resolved photoemission spectroscopy (ARPES) 15 and infrared spectroscopy. 17, 18, 21 The observed band gap depended on the gate electric field and reached ∼ 200 meV, which was consistent with the theoretical prediction. 11, 12 On the other hand, in transport measurements, 19 although an insulating behavior was observed with the increase of resistance in lowering temperature, the observed temperature dependence of resistance at low temperatures (below 50 K) was not the thermal activation type, R ∝ exp(E a /2k B T ), which is normally regarded as a direct evidence of the band gap opening with the magnitude of E a , but the variable-range-hopping type, R ∝ exp((T h /T ) 1/3 ), typically observed in strongly disordered two-dimensional systems (k B is Boltzmann constant, T is temperature, and T h is a constant). The authors of Reference 19 claimed that the experimentally obtained band gap was below 10 meV, in spite of the fact that the device structure was similar to those used in Reference 17, which reports a band gap over 200 meV in the optical spectroscopic measurement. The origin of this missing band gap in transport measurement is not clarified so far, and this is one of the biggest issues in graphene research. In this paper, based on measurements of the gate-voltage and temperature dependence of transport properties, we make clear the origin of the missing band gap: we show that although the sign of a large band gap is present even in transport measurement, with a magnitude comparable to the theoretical prediction, the insulation within the band gap is more seriously deteriorated in bilayer graphene with lower mobility.
For making a double-gated graphene transistor (Figure 1 ), we employed a simple method for formation of a top gate with a self-organized insulating layer. The following is the fabrication procedure: First, graphene films were placed on a highly-doped Si substrate with a 90-nm or 300-nm SiO 2 layer on top by micromechanical cleavage of Madagascar natural graphite. 22 The number of layers of a film was determined from the intensity of the green signal in an optical microscope image. 19 Next, two steps of electrode formation were carried out by using the e-beam lithography followed by the metal deposition: the first for the source and drain electrodes (Au (50 nm)/Ti (5 nm)) and the second for the top gate (30-nm Al). Then the device was exposed to the air for more than an hour. It is rather surprising that although the Al film was directly deposited on the graphene film, the exposure to the air eventually blocked the conduction between the Al layer and graphene. We attribute it to the formation of a selforganized Al-oxide layer between them. 23, 24 The resulting leakage current from the Al film to the graphene channel was less than 1 nA, even after the device was stored in vacuum, so that we were able to use the Al film as a top gate. Thus, in our device configuration, the Al film behaves as a top-gate, while the highly doped substrate acts as a back-gate. We note that in the local top gate structure 25 shown in Figure 1 , the top-gate voltage (V tg ) affects the channel locally underneath the top gate, while the back-gate voltage (V bg ) changes the carrier density over the whole area of the graphene channel.
The devices were cooled with liquid helium or nitrogen, and the dc electron transport properties of the devices were examined for temperatures between 4K and 200K. Figure 2 shows the V tg and V bg dependence of the zero-bias resistance in monolayer, bilayer, trilayer and tetralayer devices. For all devices, there appear two ridge lines (dashed lines and dotted lines in Figure 2 ): one is diagonal in the V bg − V tg plane and the other along the V tg -axis. The former corresponds to the charge neutrality of the graphene area which is sandwiched between the top and back gates (top-gate area), while the latter to the charge neutrality of the areas only affected by the back gate (i.e., not covered with the top gate: uncovered area). We note that these two kinds of areas are connected in series in our device configuration (see Fig. 1 ). Thus, the intersecting point of the ridge lines represents the charge neutrality of the whole graphene. A similar behavior has been commonly observed in double-gated monolayer graphene devices, 25 indicating that our double-gate structure works properly. The slope of the former ridge line α = dV tg /dV bg corresponds to the ratio of the back gate capacitance to the top gate capacitance per unit area,
where ǫ b(t) and d b(t) are the dielectric constant and the thickness of the back (top) gate, respectively. The slope is α ≈ −0.013 for the substrate with a 300-nm SiO 2 layer (d b = 300 nm). By using the dielectric constants of the SiO 2 (3.9ǫ 0 , where ǫ 0 is the dielectric constant of vacuum) and Al-oxide (6ǫ 0 − 10ǫ 0 ) for the back and top gates, one can estimate the thickness of the top gate insulator to be d t = 5 − 9 nm, which is thinner than the reported values for the thickness of top gate dielectrics (Al 2 O 3 17 , SiO 2 , 19 and so on), ensuring lower operating voltages for our devices. It is noted that only for the bilayer device (Figure 2b ), the resistance of the diagonal ridge line steeply increases with the gate electric field (i.e., the difference between the top and back gate voltages). This behavior was reproducibly observed in 39 out of 40 bilayer devices. 26 The peak resistance 3 becomes higher at lower temperatures (shown below), reflecting a decrease of carrier density at the charge neutrality point, implying the band gap formation. These results are consistent with the observation reported in Reference 19. The temperature dependence of the minimum conductance (i.e., on the diagonal ridge) at a fixed perpendicular electric field E provides basic insight into the band gap opening in bilayer graphene. Figure 3a shows the typical temperature dependence of the conductance at the charge neutrality point (on the diagonal ridge) with an electric field E = 1.2 V/nm. Here, from the elementary electrostatics, the electric field is given by
is the thickness of the bilayer graphene, which is negligible in the expression for our device structure. As shown in the inset, the low temperature part is well explained by the variable range hopping (VRH) conduction for twodimensional systems,
, which agrees with the results reported in Reference 19, while at high temperatures deviation from the VRH conduction is remarkable. The overall characteristics can be well fitted by the sum of the VRH conduction and the thermally activated (TA) conduction, G a ∝ exp(−E a /2k B T ), as shown in the main panel of Figure 3a .
The resultant values of the fitting parameters are E a = 136 meV and
It is known that this behavior (VRH + TA) is commonly observed in strongly disordered systems such as amorphous semiconductors. 27, 28 The activation energy is maximized when the Fermi level is placed at the middle of the mobility gap between the top of the extended (delocalized) state in the valence band (called mobility edge) and the bottom of the extended states in the valence band (mobility edge), and the maximum value corresponds to the magnitude of the mobility gap. In disordered systems, the mobility gap is filled with the localized states and electron hopping across localized states contributes dominantly to the conduction inside the mobility gap at low temperatures. Here, a larger value of T h corresponds to smaller contribution of the VRH to the conductance. Such localized states are likely to be introduced to graphene by vacancies and impurities (see Figure 3b) .
29,30
The electric field dependence of E a and T h are plotted in Figure 3c . Both E a and T h increase with E, and surprisingly, the mobility gap E a agrees well with the theoretical band gap δ LDA gap (dashed line in Figure 3c ), which is calculated within the framework of the local density approximation (LDA). 31 ,32 These results clearly shows that the band gap with reasonable values develops with electric field even in bilayer graphene samples for transport measurements, but the hopping conduction due to the disorder strongly deteriorates the insulation within the band gap. Note that the slight increase of T h with the electric field (Figure 3c, right panel) suggests that the localized states are also affected by the electric field. In the theory of the hopping conduction, T h is inversely proportional to the density of states. 27 Thus, T h in Figure 3c suggests that the number of the localized impurity states effectively decreases with increasing electric field, which agrees qualitatively with the theoretical prediction.
30
Also note that due to the peculiar structure of the energy spectrum of the biased bilayer graphene, the density of states (DOS) of ideal (clean) bilayer graphene under a strong perpendicular electric field has singularities at the band edge. In the presence of disorder, these singularities smear and the band tails extend into the gap, leading to the renormalization of the band gap.
30,33
Our observation that the magnitude of the mobility gap (in the presence of the disorder) agrees with that of the theoretical band gap for pristine graphene means that the states induced by the disorder is mostly localized (see Figure  3b) , indicating that the disorder of the bilayer graphene samples is relatively small.
In order to study how the disorder influences the electron transport in bilayer graphene, we measured the temperature dependence of conductance for several samples with different sample qualities (reflected by mobility) at a fixed electric field E = 1.3 V/nm. Figure 4a shows an Arrhenius plot of the minimum conductance for samples with field-effect hole mobility of 460 cm 2 /Vs and 1,100 cm 2 /Vs. Clearly, the slope in low temperature part (VRH conduction) depends strongly on sample, whereas that of the higher temperature part (TA conduction) does not. The extacted E a and k B T h are summarized in Figure 4b as a function of the field-effect mobility µ of hole carrier for six samples. The mobility gap E a ranges from 80 to 190 meV at E = 1.3 V/nm and shows no considerable correlation with µ. The values are close to the theoretical value δ LDA gap = 170 meV, indicating that the effect of disorder on the mobility gap is relatively small in samples with mobility µ = 320 -1100 cm 2 /Vs. On the other hand, T h increases with µ, implying that bilayer graphene with higher mobility has lower density of the localized states.
From this measurement, we can draw a conclusion that improvement of the graphene quality (mobility) is crucial to reduce the hopping conduction. A high electric field is also effective to suppress the hopping conduction, because T h increases with the electric field (Figure 2b) , as well as to enhance the band gap itself. According to our LDA calculation, the band gap can be raised up to 280 meV, if E = 5 V/nm is applied to the bilayer graphene.
14 This value can be raised by decreasing the interlayer distance of bilayer.
13
In conclusion, we investigate conduction of bilayer graphene under high electric fields, and show the existence of the mobility gap, which is comparable to the theoretical prediction of the band gap, in transport measurements. The temperature dependence of the minimum conductance is explained by the sum of band conduction and the variable range hopping conduction. A sequential analysis allow us to obtain the band gap of 80-190 meV at the electric field of 1.3 V/nm, which agrees with the LDA calculation ∼ 170 meV. However, in transport measurements, the variable range hopping conduction across the localized states causes the current leakage, causing the degradation of the FET operation. We showed that raising the graphene mobility and/or applying higher electric fields is quite effective for reducing the influence of the variable range hopping conduction, and thus, improving the performance of the graphene FETs. 
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The back-gate voltage is normalized by the thickness of the SiO 2 layer (d b ).
In each graphs, charge neutrality resistance peaks in two kinds of areas are indicated by dashed line (top-gated area) and dotted line (uncovered area). The resistance is normalized by the resistance (R 0 ) at the point where the two peak lines cross. 
